Alkali-labile portion covalently linked to the 5' ends of Bacillus subtilis short DNA chains, the putative primer RNA for discontinuous DNA synthesis, was Isolated and analyzed using a temperature sensitive DNA polymerase I mutant, which accumulates nascent DNA fragments at a restrictive temperature. A novel oligonucleotide structure as well as mono-to triribonucleotide stretches were isolated at the 5' end of the short DNA chains. A structure for the novel oligonucleotide is proposed to be p^ X^ pp^ rN, where X represents unidentified nucleoside with a peculiar property. Possible metabolic relationship between these molecules and primer RNA has been discussed.
INTRODUCTION
The priming of DNA synthesis by RNA is a virtually universal feature of both prokaryotic and eukaryotic DNA replication. Primers have been characterized with several organisms and all are shown to be short oligoribonucleotides in defined chain length: Primer of bacteriophage T7 is pppA-C-N1-N2 where Nl is mainly C but some A and N2 is rich in A and C (1) (2) (3) (4) , that of bacteriophage T4 is pppA-C(-N). where N is not specified nucleotlde (5-7), those of eukaryotic organisms are pppPu(-N), . where purlne is mainly A (A/G-5) (8) (9) (10) (11) (12) and that of Z. coli is pppPu(-N). ,. where purine is also mainly A (A/G^S) (13) .
We have previously analyzed the nascent DNA fragments of Bacillus 3 subtilis cells pulse labeled with [ Hjthymidine and found that a large amount of newly synthesized short DNA pieces were accumulated in a temperature sensitive DNA polymerase I mutant (polA tS ) cells (JH406 1-6) briefly exposed at a restrictive temperature (49.5-51.5°C) (14) . Determination with spleen exonuclease of nascent DNA chains which exposed 5'-OH DNA ends after an alkaline treatment indicated that nascent DNA fragments with alkali-labile ends (putative primer RNA) accumulated about 4.5 times more in the polA cells than in the polA cells. These observations suggested that J5. subtilis ©IRLPreti Limited, Oxford, England.
DNA polymerase I is related in some way in excision of the primer RNA.
Similar accumulation of RNA-linked nascent fragments occurs in temperature sensitive E. coli polA mutants (15, 16) and in those infected with a gene 6 mutant of bacteriophage T7 (17) . Because 12. coll DNA polymerase I (18) and gene 6 protein of bacteriophage T7 have RNase H activity (19) , excision of the primer RNA is thought to be performed by these proteins in both 15. coli and T7
phage-infected I!, coli cells. In contrast to E. coli DNA polymerase I, purified B_. subtilis DNA polymerase I has no documented nuclease activity (20) . Therefore, detailed mechanism by which it functions for the excision of primer RNA is unclear at present: B_. subtilis may have a separate nuclease which functions in cooperation with DNA polymerase I in the excision of primer RNA or 1J. subtilis DNA polymerase I might have lost the exonuclease component during its purification.
In the present work, we isolate and characterize the alkali-labile portion from the 5' ends of short DNA chains accumulated in the IJ. subtilis ts polA cells at the restrictive temperature. After an alkaline phosphatase 32 treatment, 5' ends of the purified short DNA chains are P-labeled with T4
polynucleotide kinase and [T-P]ATP, and DNA portions are digested with the 3' to 5' exonuclease of T4 DNA polymerase (5) . By the T4 DNA polymerase digestion, primer RNAs are expected to be released from the short DNA chains with a deoxyribonucleotide residue at 3' ends. We find in the digests oligonucleotides in novel structure as well as mono-to trirlbonucleotides, all of which are covalently linked by a deoxyribonucleotide at 3' ends. We 5' 3' 5' propose a structure p X pp rNpdN for the novel compound where X represents unidentified nucleoside with a peculiar property. During the curse of this study, Banfalvi and Sarkar reported the structure of primer RNA isolated from short DNA chains made in toluenized cells of B_. subtilis in the presence of Hg-dCTP (21) . The predominant structure of the primer RNA by their report is pA-G-(C)
, which does not agree with the base composition of the 5' ends of 1 and 3 residue oligoribonucleotides detected in the present study.
MATERIALS AND METHODS
Bacteria and culture medium IJ. subtilis JH 406 1-6 (trpC2, polAlO) and modified Spizizen medium have been described (14) . The labeling was stopped with an ethanol/phenol mixture and nucleic acid was extracted by a modified Thomas procedure (23) . Pulse labeled short DNA fragments were purified essentially as described (16) except that the nitrocellulose fraction was further purified by passing through a Sephadex G-100 column and by repeated Cs.SO, equilibrium density gradient centrifugation before terminal labeling. After phosphatase treatment, the 5'
termini of the short chains were phosphorylated with T4 polynucleotide kinase and [T- 
Enzyme digestion of nucleic acids
Digestion of [5-P]short DNA chains with 3' to 5' exonuclease of T4 DNA 32 polymerase and partial digestion of [5'-P]oligonucleotide with snake venom phosphodiesterase were carried out as described (1) . Conditions for complete digestion with snake venom phosphodiesterase and nuclease PI have been described (2) . Digestion with tobacco acid pyrophosphatase was carried out in a mixture (50 ul) containing 52 mM sodium acetate buffer (pH 5.2), 1 mM EDTA, 1 UM ATP, 100 Jig oligonucleotides and 0.03 units of the enzyme for 90 min at 30°C (24) . 3' phosphatase treatment with T4 polynucleotide kinase was carried out in a mixture (126 ul) containing 100 mM imidazole'HCl buffer (pH 6.0), 10 mM MgCl , 10 mM mercaptoethanol, 20 Ug/ml bovine serum albumin, 360 Jig/ml pdTp, and 27 units of the enzyme for 2 hr at 37°C (25) .
Nucleotides and nucleic acids
Preparation of optical density markers of oligoribonucleotides and prNp has been described (1) . Optical density reference of pdNp was prepared by IJ. urea and dihydroxyboryl Bio-Gel P-60 (boronate gel) column chromatography were carried out as described (1, 16) . Chromatography on PEI-cellulose thin layer plate has been described (1, 2).
RESULTS

32
Preparation of 5'-P labeled short DNA and characterization of the 5' ends Short DNA chains were extracted and purified essentially as described previously (16) Fig. 2 was pooled, desalted and subjected to a boronate gel column chromatography as described in Materials and Methods. -•-, 32 P radioactivity; -o-, absorbance at 260 nm. B: The bracketed fraction in figure A was pooled, evaporated and subjected to an alkaline hydrolysis (0.3 N KOH, 37°C x 18 hr). After neutralization, the hydrolysate was chromatographed on a column of DEAE-Sephadex A-25 together with prNp optical density markers as described in the legend of Fig. 1 . -•-, 32 P radioactivity; -o-, absorbance at 260 run.
polymerase (5), radioactive peaks eluted at di-, tri-, and tetranucleotide positions (Fractions 2 to 4) were expected to contain mono-, di-and triribonucleotide, respectively, which were tipped with monodeoxynucleotide at 3' ends. Molecules in each fraction were pooled separately and examined the cls-diol structure at the 3' ends by affinity chromatography on a boronate gel column (27) and the structure at the 5' end by an alkaline digestion as described below.
Ribonucleotide at the RNA-DNA junction Fig. 2 ) was subjected to the chromatography on a boronate gel column, 89Z of the radioactivity was not retained by the column (data not shown). The passed fraction was digested by alkali and the product was analyzed by a DEAE-Sephadex A-25 column chromatography (Fig. 4) .
Unexpectedly, most of the radioactivity (73Z) was recovered at the position of net charge -6 and only minor radioactivity was recovered at the position of •* This possibility was examined after a partial digestion of the Fraction 4 molecules with snake venom phosphodiesterase by determining whether only trinucleotide among the digestion products would have the cis-diol structure at 3' end. Molecules by the boronate gel which were not retained were purified from the Fraction 4 and a portion of the sample was partially digested with snake venom phosphodiesterase and chromatographed on a boronate gel column (Fig. 5A) . The boronate gel passed and retained fractions thus obtained were chromatographed on a DEAE-Sephadex A-25 column in the presence of 7M urea (Fig. 5B) . From the fraction retained by the gel (Fig. 5A I) , one major radioactive peak was recovered at trinucleotide position (net charge -4) as expected (Fig. 5B II) . From the fraction not retained by the gel (Fig. 5A I), only two peaks of radioactivity were recovered at tri-(net charge -4) and tetranucleotide (net charge -5) positions (Fig. 5B I) . The compounds of net charge -4 retained on the boronate gel, however, did not change their charge by an extensive digeatlon with snake venom phosphodiesterase but they became not retainable by a boronate gel column (Fig. 6A and B) . When the purified At this pH, trinucleotides and prNp will be separated by their charge difference. As shown in Fig. 7 , the net charge of these compounds was -2 at pH 4.2 and they co-eluted with prAp and prUp optical density markers. Main portion of the Fraction 4 was susceptible to tobacco acid pyrophosphatase as shown in Fig. 8 . Sixty percent portion of the radioactivity in the fraction was converted to net charge -4 compounds, and 30Z remained at net charge -5 position. The latter percentage of radioactivity corresponded to the sum of the percentages of the radioactivity of alkali-resistant tetranucleotides and of alkali-labile tetranucleotides from which prNp's were liberated (Fig. 4) .
The net charge -4 compounds produced by the digestion with tobacco acid pyrophosphatase and those by complete digestion with snake venom phospho- phosphodiesterase was described in Fig. 7 . The tobacco acid pyrophosphatase products in charge -4 fraction in Fig. 8 were analyzed after desalting. Samples were mixed with prNp optical density markers and then applied to PEI-cellulose thin layer plates which were developed in 0.85 M potassium phosphate (pH 3.4) (I) or 2 M sodium formate (pH 3.1) (II). After drying, the plates were autoradiographed with XRP-1 x-ray film (Kodak) for 3 days at -70°C in the presence of an intensifying screen. The dotted circles indicate the spots of prNp optical density markers.
I
diesterase had the same mobility on PEI-cellulose thin layer plates (Fig. 9 ).
Based on these data, we propose a novel structure as depicted in Fig. 10 for the major portion of the molecules in the Fraction 4. The charge -4 component was prepared from the Fraction 4 as described in Fig.  7 . The sample was mixed with pdNp optical density references and treated with HC1 as indicated. After neutralization, they were applied to a PEI-cellulose t hin layer plate which was developed in 2 M sodium formate (pH 3.1). 1, no incubation; 2, 0.05 N HC1 (pH 1.3), 37°C x 30 hr; 3, 0.05 N HC1 (pH 1.3), 1 00°C x 2 hr; 4, markers of [ 32 P]orthophosphate and adenine. and 11). However, the fact that the major portion of the Fraction 4 did not release the charge -4 compounds (prNp) but released charge -6 compounds by an alkaline digestion seems to indicate that the nucleoside X in the proposed structure (Fig. 10) is not a usual ribonucleoside. T he stability in an acid of the charge -4 compounds of the snake venom phosphodiesterase complete digests ("pXp") was examined (Fig. 11) . The compounds was not degraded under the condition in which the N-glycoside linkage of the reference purine deoxyribonucleotide was broken (Fig. 11 lane * 2). The stronger acid treatment resulted in the outset of the degradation of the compounds, whereas the reference pyrimidlne deoxynucleotldes remained unbroken under the condition. The minor spots in Fig. 11 lane 3 , the intermediates of the degradation to Pi, did not correspond either deoxyribose Ŝ Change of property of the charge -4 material produced by 3' phosphatase treatment. The charge -4 component was prepared from the Fraction 4 after treatment of tobacco acid pyrophosphatase or snake venom phosphodiesterase. Aliquots of the sample are treated with 3' phosphatases together with pdTp optical density reference as described in Materials and Methods. After desalting, they were mixed with [ Sensitivity to 3' nucleotidases of the charge -4 compounds of the snake venom phosphodiesterase complete digests ("pXp") was also examined. The compounds were treated with nuclease PI (28) or 3' nucleotidase associated with T4 polynucleotide kinase (25) and digests were subjected to chromatography on a DEAE-Sephadex A-25 column in the presence of 7M urea. As expected, all of the radioactivity was recovered at net charge -2 position corresponding to mononucleotide. However, in both cases, these compounds were no longer adsorbable to charcoal (Table 1) , and behaved chromatographically identically with Pi in several systems (data not shown).
DISCUSSION
.ts We showed previously that B^. subtilis polA cells exposed at a restrictive temperature accumulated nascent DNA pieces whose 5' ends had alkali-labile structure (the putative primer RNA) (1). The results suggested that ]J. subtilis DNA polymerase I is involved in the removal of primer RNA from the nascent short pieces. However, a purified DNA polymerase I Di-to tetranucleotide fractions (Fraction 2 to 4) in Fig. 2 were pooled, desalted and the structures were analyzed as described in the text. preparation had little, if any, nuclease activity (20) .
In the present study, we have isolated and characterized the alkalilabile part of the short DHA chains accumulated in 15. Bubtilis polA cells at a restrictive temperature. The alkali-labile structures we have found were classified into two groups; oligorlbonucleotide stretches and a novel compound as summarized in Table 2 .
The ribonucleotide stretches found in the present study seem to be too short to be effective primers for DNA syntheses and they may be molecules To see whether this structure is only formed at high temperature or not, we analyzed short DNA chains of polAts cells synthesized at 30°C. Partly because of the small amount of nascent DNA chains present under the condition, we have not been able to get answer. Thirdly, the novel compound-linked to DNA chains might be irrelevant to the discontinuous DNA replication. In these cases, we have little idea to foretell the existence of such a molecule.
Anyway, the DNA fragments linked by such a novel structure have never seen so far and it is very interesting to know its function as well as enzymatic process for its production. The existence of the highly phosphorylated nucleotides in B^. subtilis (30) might give a clue to solve the pyrophosphate linkage in the novel structure.
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